Fluid-flow-driven particle migration through porous networks reflects the interplay between various particle-level forces, the relative size between migrating particles and pore constrictions, and the spatial variability of the velocity field. Experimental evidence shows that particle migration in radial fluid flow results in selfstabilizing annular clogging patterns when the particle size approaches the constriction size. Conversely, flow localization and flushing instability are observed when the particle size is significantly smaller than the pore-throat size.
Particle-Level Forces A solid particle within a moving fluid experiences drag, buoyant weight, inertia to motion changes, and electrical interaction forces with nearby pore walls (McDowell-Boyer et al. 1986; Sharma et al. 1992; Herzig et al. 1970) . These forces scale with the size of migratory particles d p according to power-law equations of the form F=␣d p ␤ where the exponent is ␤=1 for van der Waals attraction and drag forces, ␤=2 for the inertial force, and ␤=3 for buoyant weight (Note: the inertia to motion changes is estimated for a deceleration from velocity v to zero within a distance equal to the migratory-particle diameter d p ). Therefore, the log-log plot of participating forces vs. particle size, log(F )=log(␣) + ␤ log(d p ), consists of straight lines with different slopes ␤ (Fig. 1) . These lines intersect at characteristic particle sizes that define boundaries for different force-control regimes (Santamarina 2002) . It can be seen that a certain fluid velocity is required to detach any particle smaller than d p ≈30 m, because the van der Waals attraction force (which prevails over buoyant weight) scales with particle diameter with the same exponent as the drag force. However, the velocity required to mobilize larger particles is proportional to their buoyant weight (␤=3). In general, the inertial force (␤=2) gains relevance in high-velocity fluid flow and in nonuniform flow regimes near pore constrictions or orifices.
The relative balance among drag force, buoyant weight, and the inertial force is captured in three dimensionless ratios: which involve particle size d p , fluid velocity v, dynamic viscosity , gravity g, and both particle and fluid mass densities p and f . The sample calculations displayed in Fig. 1 include the values of these dimensionless ratios at intersection points.
The Effects of Particle Size, Shape, and Concentration Particles can be retained at pore constrictions within the pore network. This is clearly the case when particles are larger than pore throats. However, clogging is often observed when the size of migrating particles is smaller than pore throats (Muecke 1979; Sakthivadivel and Einstein 1970; Oyeneyin et al. 1995) . This suggests that particles are retained by forming bridges at pore constrictions. Particle-size and -shape effects on bridging were studied using a vertical tube that rests on a bottom plate with a central orifice of diameter d or . The tube was filled with dry particles (known diameter d p and shape), and the plug closing the orifice was removed to allow particle flow. Bridge formation by dispersed particles within a flowing fluid requires that the N-particles that will form the bridge reach the pore throat almost simultaneously (where N is a function of d o /d p ). It is anticipated that the chances of bridge formation increase as the volume fraction of particles in the pore fluid increases. The effect of volume fraction on bridging was studied with a tube-orifice system similar to the device described previously. Nylon particles were evenly mixed with de-aired saltwater of equal mass density, f = p , to create a stable suspension. The same initial mixture volume was used in all tests. Flow was initiated by unplugging the central orifice. The bridge/pass response was established for various d or /d p ratios and volume fractions C. Fig. 3 shows that the probability of bridging by migrating particles in fluid flow decreases with increasing d or /d p and with decreasing volume fraction C. Furthermore, bridging will eventually take place given enough fluid flow as long as the bridging limiting condition d or / d p <␦ min is satisfied.
Retardation and Inertial Effects
The rate of particle transport is inherently lower than the rate of fluid transport (horizontal flow): The difference between fluid and particle velocities gives rise to the drag forces that transport the particles. However, there are additional delays. Previous researchers explored particle-delay mechanisms related to electrical and hydrodynamic interactions among particles and pore walls, and flow-field disruptions near the orifice when the size of the migrating particle d p is comparable to the size of the orifice d o (Goren and O'Neill 1971; Ramachandran et al. 2000) . In this study, we analyze inertial effects, which appear particularly important in a spatially varying velocity field such as radial flow.
Consider a spherical particle with diameter d p and mass density p entrained in a moving fluid with mass density f p . The particle trajectory is affected by drag, buoyant weight, and the emergent inertial forces in the nonhomogeneous velocity field, as captured in dimensionless ratios Ar, Fr, and Re (Eqs. 1 through 3; Fig. 1 ). When Fr and Re are high, the entrained particle tends to maintain its trajectory; the particle deviation from fluid-flow lines is aggravated where streamlines curve near the constriction, and the migrating particle often impacts the pore walls. This mechanism is termed "inertial retardation" (Wennberg 1998 ). On the other hand, when Fr and Ar are low, the particle trajectory deviates from the fluid trajectory in the direction of gravity, resulting in "gravity offset"; in this case, the particle may precede the flowing fluid.
These retardation mechanisms were experimentally and numerically studied with single particles to avoid interparticle interactions. The experimental study was conducted using a cylindrical container filled with de-aired oil. First, the particle was released within the fluid and allowed to reach terminal velocity. Then, fluid flow was initiated through a central bottom orifice. The singleparticle trajectory was video-recorded and digitized. The trajectory was also predicted with a finite-difference formulation of Newtonian equations, taking drag forces into consideration. Predicted trajectories closely matched the measured trajectories for all tested conditions, which included various initial positions and different relative densities p / f . Selected examples are shown in Fig. 4 [further details can be found in Valdes (2002) ]. These results highlight the pronounced effect of the relative mass density p / f on particle trajectories and show that inertial retardation is velocityfield-dependent. 
Radial Clogging and Flushing
Radial flow is the prevailing flow condition in oil production operations. For a given flow rate q, the average fluid-flow velocity at a radial distance r is v=q/(2r). The following sequence of events is anticipated on the bases of results discussed above:
• A radially varying flow velocity implies a radially varying balance between particle-level forces (Figs. 1 and 3) . It is anticipated that no particle transport will occur in the far field (large r, low v, and low Ar); particle transport with gravity offset will prevail at intermediate radial distances (intermediate v, Fr, and Re) ; and inertial retardation aggravated by interparticle interactions and fluid-flow disruption will take place in the near field (small r; high v, Fr, and Re).
• The increasing retardation toward the well implies a gradual accumulation of particles (i.e., local increase in volume fraction).
• When bridging is mechanistically possible [i.e, d o /d p Յ␦ min (see Fig. 2 )], the increase in volume fraction of particles enhances the probability of bridging.
• Bridging of a pore throat causes an increase in adjacent flow velocities, promoting further clogging nearby.
• These observations suggest that bridging should initiate and propagate at a critical radial distance from the well. The evolution of clogging in radial flow was investigated with a transparent network to facilitate the visualization of pore-level processes. The experimental device consisted of a rigid Plexiglas disk placed atop a monolayer of densely packed, monosized particles (size d m ‫721ס‬ m) cemented onto a bottom substrate (Fig. 5) . Flow through the resulting interconnected porous network was imposed from the periphery to a central perforation. The fluid mixture consisted of oil and homogeneously mixed particles, with a particle volume fraction C=0.006. The size of migratory mineral particles ranged from a d p ‫5.6ס)%52(‬ m to d p ‫22ס)%57(‬ m, with a mean diameter d p ‫31ס)%05(‬ m [percentages refer to cumulative distribution (i.e., "smaller than")]. The evolution of clogging was recorded with a digital video camera. Fig. 6 shows a sequence of redrawn top-view images for one of the tests, in which dark dotted regions represent particle accumulations. In all cases, clogging evolves into a self-stabilizing ring pattern that forms at a characteristic radial distance from the discharge point.
The following pore-level experimental observations were made: (a) Early migrating particles reach the discharge point and are removed soon after fluid flow is initiated; (b) particle bridges begin to form at a characteristic radial distance and align into small arches with endpoints typically facing the discharge point; (c) these clogging arches affect flow paths-it was common to see nearby particles migrating away from the central well; and (d) particle collisions and accumulations lead to the formation of new arches often linking existing ones, and to the additional accumulation of particles behind them. As these processes advance, arches grow in thickness and length and become interconnected, and the severity of clogging increases until the continuous annular clogging pattern is established (Fig. 6) .
The cumulative throughput volume reflects the evolution of annular clogging, as shown in Fig. 7 for various tests conducted at different hydraulic gradients. Flow rates drop from an initial value that corresponds to the flow rate of the fluid without particles q c to a post-clogging flow rate smaller than q c by a factor of five. All other parameters being constant, the data show that the development of clogging requires less time and a smaller throughput fluid volume when the applied gradient increases. In addition, the radius of the annular clogging ring decreases in agreement with retardation results.
A range of particle sizes was involved in this experiment; it is anticipated that larger particles form bridges first, leaving smaller pore throats for bridge formation by smaller particles. Such a recursive clogging phenomenon could lead to very low final flow rates.
For comparison, a similar device was used for a complementary flushing study. In this case, the porous network was a multilayer sand specimen (monosized, d m ‫013ס‬m) and much smaller par-
were mixed in with the sand during specimen preparation (mass fraction‫.)%5.0ס‬ The test was terminated when the increase in flow rate suggested piping by particle flushing. Then, the specimen was carefully disassembled to reveal the flushing pattern. In a stable flushing process, one would expect a cylindrical flushing front receding from the discharge point until the fluid velocity falls below the velocity required for particle mobilization. However, the development of unstable flushing with "finger-type" flow localization was observed; the high hydraulic gradient at finger tips caused flow velocities that sustain and guide particle flushing. Fig. 8 shows the top view of a disassembled specimen; fine-flushed regions are shown in white, while black zones correspond to finebearing sediments.
Conclusions
The migration of particles through porous networks is controlled by particle-level forces. The interplay among participating forces results in distinctive phenomena that depend on the magnitude of local fluid and particle velocities, particle shape and concentrations, relative mass densities, and relative pore-throat size vs. migratory particle size. In radial flow, particle-level phenomena associated with particle migration and retardation vary with radial distance from the discharge point (e.g., well) owing to the associated nonhomogeneous fluid-velocity profile. When conditions are appropriate for bridge formation (i.e., d o /d p Յ␦ min ), particle transport in radial flow leads to a self-stabilizing clogging ring that forms at a characteristic radial distance. Conversely, unstable particle flushing and flow localization occur when the porous network contains particles that are much smaller than pore throats (i.e., d o /d p Ն␦ max ). 
